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ABSTRACT. Net N mineralization and nitrification were studied in three forest ecosys- 
tems to gain an understanding of the spatial and temporal variability of N transforma- 
tions. The upland forests studied were two sugar maple ecosystems that differed in 
overstory associates and ground flora composition, and an oak ecosystem. Three stands 
in each ecosystem were sampled to provide spatial replication within a 250,000 ha area 
in northwestern Lower Michigan. Overstory biomass and annual increment were esti- 
mated using species-specific allometric biomass equations. Net N mineralization and 
nitrification were determined by an in situ buried polyethylene bag technique in which 
surface soil samples were incubated at monthly intervals for one year. Litter. was col- 
lected during autumn in each ecosystem from one randomly selected stand. 

Aboveground biomass was lowest in the oak ecosystem (151 t ha~ ') and greatest in the 
sugar maple—basswood/Osmorhiza ecosystem (209 t ha~ '). Net annual N mineralization 
was 313 pg N g`’ yr_' in the oak ecosystem and was significantly less than annual 
mineralization in the two sugar maple ecosystems. Mineral N production in the sugar 
maple—basswood/Osmorhiza and sugar maple-red oak/Maianthemum ecosystems was 
426 and 382 ug N g ' yr—', respectively. Nitrification was greatest in the sugar maple- 
basswood/Osmorhiza ecosystem where 85% of mineral N was oxidized to NO*~ (364 ug 
N g`’ yr~'). Nitrification was minimal in the oak forest, totaling 6% of annual miner- 
alization (18 pg N g ' yr—'). Results suggest that ecosystem types may be used to 
predict spatial patterns of N transformations at regional scales. For. Sct. 36(2):367-380. 
ADDITIONAL KEY worDs: N mineralization, nitrification, litterfall, overstory biomass, 
ecological land classification. 


NITROGEN (N) CYCLING WITHIN FORESTED ECOSYSTEMS has received con- 
siderable attention because N is the element that most often limits tree 
growth. The flow of N within forests involves a feedback loop consisting of 
plant uptake, the return of plant litter (both above and below ground), min- 
eralization of soil organic matter, and nitrification. Nitrogen availability 
within many forest ecosystems directly controls the production and carbon 
chemistry of plant litter (Aber and Melillo 1982, Vitousek 1982, Pastor et al. 
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1984). In turn, the quantity of inorganic N available for plant growth is 
regulated by N mineralization, a microbially mediated process in which 
NH,* is liberated from soil organic matter. The mineralization process is 
largely controlled by plant litter chemistry, soil moisture potential and soil 
temperature (Stanford et al. 1973, Stanford and Epstein 1974, Aber and 
Melillo 1982, Flanagan and Van Cleve 1983, Marion and Black 1987). Ni- 
trogen cycling is generally slow in ecosystems where these factors limit 
microbial activity (Vitousek 1982, Vitousek et al. 1982, Pastor et al. 1984). 

Although significant progress has been made toward understanding the 
processes regulating N availability within terrestrial ecosystems, our ability 
to predict N cycling rates is contingent on quantifying the spatial and tem- 
poral variability associated with individual N cycling processes. For exam- 
ple, Permar and Fisher (1983) found rates of N fixation beneath individual 
Myrica cerifera to equal 24 kg ha~' yr~'; however, this amounted to only 2 
kg ha~! yr~' when extrapolated to a stand level. Spatial variation in N 
cycling processes should exist at various spatial scales (Robertson et al. 
1988). 

The spatial extension of point-specific nutrient cycling information is im- 
portant because forests are managed on an areal basis. For example, if 
nitrification and nitrate (NO, `) leaching were influenced by site preparation, 
then it would be important to understand where in the landscape manage- 
ment practices could impact long-term productivity. One could argue that 
variability in N cycling within an ecosystem should be much less than the 
variability among different ecosystem types. We studied the spatial and 
temporal variability of N mineralization and nitrification within and among 
three upland forests widely distributed in northern Lower Michigan to de- 
termine if it was possible to extrapolate point-specific nutrient cycling in- 
formation across a geographic region. 


METHODS 
STUDY AREA 


The study was conducted in the upland portions of Manistee and Wexford 
Counties, northwestern Lower Michigan, Lat. 44°48’N, Long. 85°48’ W (Fig- 
ure 1). Mean annual temperature is 7.2°C, and the length of the growing 
season varies from 150 days near Lake Michigan, in the western portion of 
the study area, to 100 days 60 km inland. Precipitation is evenly distributed 
through out the year, and mean annual precipitation totals 81 cm (Albert et 
al. 1986). 

The present landscape, formed by the last glacial advance approximately 
12,000 years BP, is a mosaic of well-sorted outwash plains, pitted ice-contact 
features, sandy till plains, and moraines (Farrand and Eschman 1974). The 
Interlobate moraine, which transects northern Wexford County, is a pre- 
dominant landscape feature and has the highest elevation in the study area, 
335 m above sea level. Organic-rich quartzitic sands and gravel compose the 
morainal system, and soils are Typic Haplorthods. Northern hardwood for- 
ests typify the Interlobate moraine and are some of the most productive 
forests in the region (Host et al. 1988a). 

The Port Huron moraine extends into northern Manistee County and is 
also composed of sandy glacial drift. Soils occurring on this landform are 
similar to the Interlobate Moraine. A network of well-sorted outwash plains 
dominate the landscape in southern Manistee County. Typic Udipsamments 
have developed in the more xeric portions of the outwash plains, whereas 
Entic Haplorthods have formed where conditions are more mesic; both soils 
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FIGURE |. The distribution of study sites within three upland forest ecosystem types in Man- 
istee and Wexford Counties, northwestern Lower Michigan. Stands were separated by a 
minimum distance of at least 6 km. 


are derived from well-sorted medium sands. Forests of the outwash plains 
are dominated by black oak (Quercus velutina Lam.) and white oak (Quer- 
cus alba L.) and by upland pin oak (Quercus ellipsoidalis Hill) where con- 
ditions are slightly more xeric. 

Vegetation, soil, and forest productivity data were collected during 1983 
from 58 stands within the study area. Stands were one ha or larger and 
exhibited little evidence of recent disturbance. Stands were classified into 
ecosystems types using an integrated ecological approach (Barnes et al. 
1982, Pregitzer and Barnes 1984, Spies and Barnes 1985). Three upland 
forest ecosystems were chosen for this study: two sugar maple ecosystems 
that differed slightly in overstory and substantially in ground flora compo- 
sition, and an oak ecosystem (Zak et al. 1986). Three stands in each eco- 
system were randomly selected from the pool of 58 previously sampled 
stands. The stratified random sampling scheme provided spatial replication 
of the ecosystem types across the two county study area (Figure 1). 

The three ecosystems studied were: black oak—white oak/Vaccinium, 
sugar maple-red oak/Maianthemum and sugar maple—basswood/Osmorhiza. 
The names used are convenient abbreviations for the classification units and 
connote more than plant communities. They represent integrated landform, 
soil, and vegetation units (Barnes et al. 1982). These ecosystems repeatedly 
occur across thousands of hectares in northern Lower Michigan; they are all 
very typical and represent three different ecological map units on the Huron- 
Manistee National Forest (D. Cleland, personal communication). They also 
represent a moisture-edaphic gradient with the sugar maple—basswood/ 
Osmorhiza forest consistently found on mesic sites in the Interlobate 
moraine. The sugar maple-red oak/Maianthemum forests occurred on the 
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drier, but still mesic portions of the Interlobate moraine, whereas the black 
oak—white oak/Vaccinium ecosystem typically occurred on outwash plains. 


VEGETATION AND SOIL ANALYSIS 


In each stand, four 5 x 30 m plots were randomly located for soil and 
vegetation sampling. Overstory trees (dbh greater than 10 cm) were mea- 
sured using a 10 BAF (English) point sample located at the center of each 
plot. Diameter (dbh) and total height were measured for each tally tree. 
Stand age was determined by using an increment corer to determine the age 
of two dominant overstory trees within each plot. 

Plant litterfall was collected during September and October 1984 in one 
randomly selected stand in each ecosystem. Ten litterfall traps were ran- 
domly located among the four plots in each stand. Litter was collected at 
3-week intervals from the 2500 cm? traps and returned to the laboratory 
where it was oven dried at 80°C for 48 hours. The dried litter samples were 
separated into woody, leaf, and reproductive tissue. Litter components were 
ground in a Wiley mill and digested with concentrated H,SO, and K,SO,- 
HgO as a catalyst in a block digestor. The digest was analyzed for total N 
using a Technicon Autoanalyzer II (Technicon Instruments 1977a). A de- 
tailed analysis of litterfall within these ecosystems was presented by Zak et 
al. 1986. Net N mineralization and nitrification were determined by an in situ 
buried polyethylene bag technique (Eno 1960, Ellenberg 1977, Nadelhoffer 
et al. 1983, Pastor et al. 1984). Soil samples were incubated in four 30 m 
transects randomly located within each stand; one transect within each 5 x 
30 m plot. Six samples were incubated along each transect at equally spaced 
intervals (24 incubations per stand). Soil samples consisted of a core 100 cm? 
and 3.8 cm in depth taken from the top of the Oe horizon. Samples were 
removed from the surface soil, placed undisturbed into polyethylene bags 
(0.01 mm thick), sealed, returned to their original position in the horizon and 
the litter was replaced. A second paired sample was taken adjacent to each 
buried bag to determine initial NH,~-N and NO, -N concentrations. Sam- 
ples were incubated for one month; except during winter when samples were 
incubated for 4 months due to heavy snow cover. The incubation transect 
was moved laterally (0.5 m) across the 5 x 30 m plot with each successive 
sampling. Incubations were not initiated until at least 24 hours after rainfall. 

At the termination of the experiment, 24 soil samples were collected to 
determine bulk density, pH, organic-C, and total N. The total content (380 
cm?) of each surface sample was oven-dried at 100°C and weighed to deter- 
mine bulk density (Mg m_°). Soil pH was determined by a 1:1 soil to deion- 
ized water paste (McLean 1982), and organic-C was determined by the 
Walkley-Black method (Walkley 1947). Soil samples were digested in con- 
centrated H,SO,, and total N was determined colorimetrically with a Tech- 
nicon Autoanalyzer II (Technicon 1977a). 

After collection, initial and incubated samples were refrigerated and re- 
turned to the laboratory for analysis. Samples were stored at 2°C until they 
could be processed, usually within 10 days following collection. Optimally, 
samples should be extracted immediately following collection. However, the 
large number of samples, 432 month~', precluded immediate analyses. At 
the start of the experiment, two random subsamples from each plot were 
taken prior to storage to determine if the lag between collection and extrac- 
tion affected NH,* and NO, concentrations. Subsamples were collected 
from both initial and incubated samples. 
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Field moist samples were sieved and material greater than 2 mm was 
excluded. A 10 g subsample was extracted with 20 ml of 2 N KCl and a 
second 10 g subsample was oven-dried at 100°C for 24 hours to determine 
oven-dried weight. A Technicon Autoanalyzer II was used to determine 
NH, -N and NO, -N in the extraction filtrate. Color development with 
Na-phenolate was used to determine NH, *-N, and Cd reduction followed by 
color development with n-napthylethylene diamine was used to determine 
NO, -N (Technicon Instruments 1977b, Technicon Instruments 1978). 

Net N mineralization was determined as NH,*-N plus NO, -N concen- 
trations in incubated samples in excess of initial amounts. Similarly, net 
nitrification was determined as initial NO, -N concentrations subtracted 
from concentrations after incubation. Values presented are average daily 
rates (ug N g 'd_') over the incubation period. Net mineralization and 
nitrification data were summed over the nine sampling dates to determine 
the net annual flux of mineral N and NO, (ug Ng! yr 


STATISTICAL ANALYSIS 


Tree tally data were converted to areal aboveground woody biomass esti- 
mates using BIOMASS, an interactive microcomputer program (Host et al. 
1988b). BIOMASS calculates individual tree weight using species-specific 
allometric biomass equations developed for Lake States hardwoods. Mean 
annual increment (t ha~! yr~') was calculated as the mean total above- 
ground woody biomass divided by mean plot age (Host et al. 1988b). 

Temporal mineralization and nitrification data were analyzed using an 
analysis of variance (ANOVA) procedure for a nested model (ecosystem; 
stands nested within ecosystem) with date interactions (Helwig and Council 
1982). Other data, such as annual mineralization, annual nitrification, and 
total biomass were analyzed using a nested analysis of variance (Helwig and 
Council 1982). The nested design allowed us to test for significant differ- 
ences among stands within an ecosystem type. Means were compared using 
a protected Fisher’s LSD procedure with significance accepted at alpha = 
0.05. Concentrations of NH,* and NO,” in immediately processed vs. tem- 
porarily stored samples were compared using a t-test for paired observa- 
tions. 


RESULTS 
VEGETATION 


Age and the number of stems were not significantly different among the 
three ecosystems. However, differences in overstory biomass were signifi- 
cant, with the smallest standing crop present in the oak ecosystem (151 t 
ha~'; Table 1). Overstory biomass and annual biomass increment were 
greatest in the sugar maple—basswood/Osmorhiza ecosystem; values were 
209 t ha~! and 3.3 tha! yr ', respectively. Litter production (kg ha~ 1) and 
the quantity of total N returned in litterfall were approximately two times 
greater in the sugar maple ecosystems compared to the oak system (Table 1). 
Age, number of stems, overstory biomass, and annual increment were not 
significantly different among stands within an ecosystem type (Table 2). 


SoIL PROPERTIES 


The black oak—white oak/Vaccinium ecosystem had the lowest pH (pH 3.9), 
but it did not differ from the surface pH of 4.1 in the sugar maple—red 
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TABLE |. Selected overstory and soil properties for three upland forest ecosys- 
tems. Values represent the mean (standard deviation) of three stands within each 
ecosystem. Litter and litterfall N content are the mean of ten litter traps located 
within one stand in each ecosystem type. Means within a row that have the same 
letter are not significantly different at a = 0.05. 


Black oak—white Sugar maple-red Sugar maple- 
oak/Vaccinium oak/Maianthemum basswood/Osmorhiza 


EEEE A Ecosystem Mean «ccs. scscovesessesssnesceesees 


I. Overstory 
Age (yr) Tila 64a 63a 
(16.1) (4.2) (9.6) 
Trees ha”! 864a 695a 791a 
(552) (339) (338) 

Aboveground 15la 178a 209b 
biomass (52.3) (42.2) (38.0) 
(t ha~’) 

Annual biomass 2.2a 2.8ab 3.3b 
increment (0.97) (0.62) (0.89) 
(tha—! yr`') 

Litterfall 1.8a 3.2b 2.6b 
(t ha~ ') (0.83) (0.61) (0.72) 

Litterfall N 13.1a 30.4b * 32:56 
(kg ha~’) (1.23) (2.36) (1.98) 

II. Soil to 3.8 cm 
pH 3.9a 4.la 5.6b 
(0.05) (0.13) (0.15) 

Bulk density 0.69a 0.7la 0.70a 
(Mg m`’) (0.07) (0.07) (0.13) 

Organic-C 4.4a 3.9a 5.5b 
(%) (1.18) (1.27) (2.68) 

Total N 1913a 1835a 3040b 
(ug Ng’) (491) (550) (1353) 

C:N 23 21 18 


oak/Maianthemum ecosystem (Table 1). Surface soil pH in the sugar maple- 
basswood/Osmorhiza forest was 5.6, higher than in the other two ecosys- 
tems. Surface bulk density ranged from 0.69 to 0.70 Mg m~? and was not 
significantly different among the three ecosystems. 

Soil organic-C was highest in the sugar maple-basswood/Osmorhiza forest 
(5.5%) and was significantly greater than values measured in the other eco- 
systems types. Organic-C in the white oak—black oak/Vaccinium and sugar 
maple-red oak/Maianthemum ecosystems were 4.4% and 3.9%, respectively 
(Table 1). Soil total N averaged 3040 pg N g`' in the sugar maple- 
basswood/Osmorhiza ecosystem and was significantly greater compared to 
the concentrations in the other ecosystem types. Values averaged 1835 and 
1913 pg N g`! in the sugar maple-red oak/Maianthemum and oak ecosys- 
tems, respectively (Table 1). Soil C:N averaged 23 in the oak ecosystem and 
was the lowest (18) in the sugar maple-basswood/Osmorhiza ecosystem. 

Most soil properties for individual stands within each ecosystem type 
were not significantly different (Table 2). However, organic-C and total soil 
N were significantly lower while bulk density was significantly greater in one 

, Sugar maple-basswood/Osmorhiza stand (stand 1) compared to the other 
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TABLE2. Variation in overstory and soil properties for individual stands within three upland forest ecosystems. Values represent the 
mean (standard deviation) of four plots randomly located within each stand. Stand means within an ecosystem type that have the same 


letter are not significantly different at « = 0.05. 


Black oak-white 


Sugar maple-red 


Sugar maple- 


oak/Vaccinium oak/Maianthemum basswood/Osmorhiza 
Stand 1 2 3 1 2 3 I 2 
I, Overstory 
Age (yrs) 74a 74a 66a 62a 62a 65a 59a 58a 76a 
(14) (17) (19) (5) (7) (4) (3) (4) (2) 
Trees ha”! 538a 1059a 996a 520a 503a 1063a 918a 855a 600a 
(230) (535) (643) (150) (133) (321) (127) (512) (86) 

Aboveground 150a I6la I4la 163a 172a 198a 228a 165a 226a 
biomass (78.5) (31.2) (51.2) (57.1) (31.0) (42.4) (25.3) (60.6) (20.4) 
(t ha~') 

Annual biomass 2.2a 2.3a 2.3a 2.6a 2.7a 3.0a 3.9a 2.9a 3.0a 
increment (1.35) (0.83) (0.94) (0.81) (0.40) (0.66) (0.57) (1.35) (0.25) 
(tha~! yr’) 

IL. Soil— to 3.8 cm 
pH 3.8a 4.0a 3.9a 3.9a 43a 4.0a 5.Sa 6.3b 6.0b 
(0.22) (0.24) (0.09) (0.25) (0.16) (0,22) (0.36) (0.19) (0.23) 

Bulk density 0.73a 0.58b 0.75a 0.70a 0.74a 0.65a 0.88a 0.68b 0.57b 
(Mg m=?) (0.05) (0.07) (0.04) (0.05) (0.05) (0.07) (0.06) (0.05) (0.06) 

Organic-C 43a 4.2a 43a 3.6a 3.4a 4.5a 3.4a 6.1b 6.6b 
(%) (0.98) (1.31) (1.47) (1.09) (1.09) (1.56) (1.03) (1.63) (1.56) 

Total N 1791a 1826a 1954a 1636a 1619a 2250a 1898a 3598b 3484b 
(ug N g`’) (312) (224) (304) (345) (319) (327) (445) (852) (923) 

C:N 23 23 22 22 21 20 18 17 19 


two stands. Bulk density was also significantly different among the three 
black oak—white oak/Vaccinium stands (Table 2). 


EXTRACTABLE NH,” AND NO;~ 


Extractable NH,~* was variable throughout the year and ranged from 3 to 36 
ug N g ' among the three ecosystems (Figure 2a). In general, extractable 
NH,* concentrations were greatest in the sugar maple-red oak/ 
Maianthemum ecosystem; however, this difference was not always signifi- 
cant. The smallest average extractable NH,* concentrations were measured 
during March and April 1985 in the sugar maple—basswood/Osmorhiza eco- 
system. During the year of sampling, average NH,~ concentrations were 
highest in the sugar maple-red oak/Maianthemum ecosystem (23 pg N g` ', 
sd = 6.6). Average annual NH,* concentrations were 17 pg N g ! (sd = 
6.6) and 16 pg N g_! (sd = 8.1) in the oak and sugar maple-basswood 
ecosystems, respectively. 
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FIGURE 2. Temporal patterns of extractable NH,* (A) and NO,~ (B) for three forest ecosys- 
tems in northwestern Lower Michigan. Values presented are mean concentrations for each 
~ecosystem type. 
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Extractable NO,~ at all sampling dates was greater in the sugar maple- 
basswood/Osmorhiza ecosystem compared to the other ecosystems (Figure 
2b). Extractable NO,” ranged from 0 to 1 pg N g`! in the oak ecosystem. 
Nitrate was always greater in the sugar maple-red oak/Maianthemum forest 
compared to the oak ecosystem; however, differences were not always sig- 
nificant. A large peak in extractable NO; occurred in March 1985 and 
declined through late spring and summer in the sugar maple—bass- 
wood/Osmorhiza ecosystem. This increase occurred concomitantly with a 
sharp decline in extractable NH,~ (compare Figure 2a vs. Figure 2b). Sim- 
ilar patterns were not apparent in the other two ecosystems where NO,- 
concentrations were consistently low. Extractable NO,~ averaged 1.1 ug N 
g` ' (sd = 0.6) in the oak, 4.9 pg N g` ' (sd = 1.3) in the sugar maple—red 
oak/Maianthemum, and 21 pg N g`' (sd = 8.1) in the sugar maple- 
basswood/Osmorhiza ecosystems. 

Temporary storage had little influence on extractable NH,* and NO,;~ 
concentrations in initial and incubated samples. Mean extractable NH,* and 
NO, in temporarily stored and immediately extracted samples were not 
significantly different. 


NITROGEN MINERALIZATION AND NITRIFICATION 


Net N mineralization exhibited a pronounced temporal pattern, and rates 
were generally greatest during the growing season (Figure 3a). Rates of net 
N mineralization were equivalent in the two sugar maple ecosystems 
throughout most of the year; however, differences were significant in early 
fall 1985. Mineralization rates in the black oak—white oak/Vaccinium eco- 
system were generally lower than those measured in the sugar maple forests. 

Rates of net nitrification, throughout the year, were significantly greater in 
the sugar maple-basswood/Osmorhiza ecosystem compared to the other 
ecosystems (Figure 3a). Nitrification was minimal in the black oak—white 
oak/Vaccinium ecosystem; however, small increases were present in late 
summer and fall 1985. Rates of net nitrification in the sugar maple-red oak/ 
Maianthemum forest did not differ significantly from those in the black 
oak-white oak/Vaccinium ecosystem (Figure 3b). 

Annual net mineralization was 313 pg N g~! yr~' in the black oak—white 
oak/Vaccinium ecosystem and was significantly less than annual mineraliza- 
tion in the two sugar maple ecosystems (Table 3). Annual mineral N pro- 
duction was 382 pg N g_' yr! in the sugar maple-red oak/Maianthemum 
and 426 ug N g ' yr ' in the sugar maple-basswood/Osmorhiza ecosys- 
tems; these values were not significantly different. 

Annual rates of net nitrification were greatest in the sugar maple- 
basswood/Osmorhiza ecosystem where 85% of all mineral N was oxidized 
to NO,~-N (364 ug N g ' yr~'). Rates in the sugar maple-red oak/ 
Maianthemum and black oak-white oak/Vaccinium forests were signifi- 
cantly lower; 43 and 18 ug N g`' yr_', respectively (Table 3). Rates of N 
mineralization for individual stands ranged from 242 to 544 pg N g`! yr~! 
with little overlap between stands from differing ecosystem types (Table 4). 
Stands within the sugar maple—-red oak/Maianthemum and black oak—white 
oak/Vaccinium ecosystem did not differ significantly in mineralization. 
However, mineralization in one sugar maple-basswood/Osmorhiza stand 
(stand 1) was significantly lower (242 pg N g_' yr~') compared to the other 
stands within this ecosystem type; nitrification in this stand was also low 
(Table 4). 
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FIGURE 3. Temporal patterns of nitrogen mineralization (A) and nitrification (B) for three 
upland forests in northwestern Lower Michigan. Rates were determined using in situ soil 
incubation and are expressed as daily means (+SD) during the one month incubation. 


DISCUSSION 


The upland forests we studied were floristically distinct (Zak et al. 1986), 
occupied predictable landscape positions, and differed in their spatial and 
temporal pattern of N cycling. Nitrogen mineralization varied continuously, 
but ecosystem means were significantly different and there was relatively 
little overlap among stands within each ecosystem type. Although stand- 
to-stand variability was high within the sugar maple-basswood/Osmorhiza 
ecosystem, it was relatively low within the oak and sugar maple-red oak/ 
Maianthemum ecosystems. These patterns suggest that without understand- 
ing within-ecosystem variability, our ability to accurately predict rates of N 
cycling for a geographic region is limited. 

There was considerable temporal variability in N mineralization, and rates 
fluctuated widely during the year. The highest rates we observed occurred 
during mid-growing season when overstory demand was probably at its 
maximum. Similarly, Pastor et al. (1984) found that maximum daily rates of 
mineralization occurred during the growing season and then became minimal 
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TABLE 3. Net N mineralization and nitrification for three upland ecosystems in 
northern Lower Michigan. Values presented are mean annual rates (standard devi- 
ation) for each ecosystem determined by in situ soil incubation. Means within a row 
that have the same letter are not significantly different at « = 0.05. 


Black oak—white Sugar maple-red Sugar maple- 
oak/Vaccinium oak/Maianthemum basswood/Osmorhiza 


Net N 

zi ey, 313a 382b 426b 
Mineralization 

LSD = 60.1 (64.5) (104.5) (145.3) 
Net 

isan eae 18a Ba 364b 
Nitrification 

LSD = 40.6 (13.2) (46.1) (200.4) 


during winter when soil temperatures probably limit microbial activity. 
These results suggest that litter chemistry and soil moisture are probably the 
most important factors regulating mineralization rates during the growing 
season, while low soil temperature limit the process during winter months. 
This pattern of temporality suggests close synchrony between plant uptake 
and N availability. 

On an annual basis, nitrification was very different between the sugar 
maple forests and was most rapid in the sugar maple-basswood/Osmorhiza 
ecosystem, where 82% of all mineral N was oxidized to NO, . In contrast, 
nitrification consumed only 10% of the annual NH, * production in the sugar 
maple-red oak/Maianthemum ecosystem. Both forests were dominated by 
sugar maple; however, overstory associates differed. Red oak was dominant 
in the sugar maple-red oak/Maianthemum ecosystem; leaves and seeds of 
this species composed 68% of the litterfall (Zak et al. 1986). In contrast, oak 
species were absent in the sugar maple—basswood/Osmorhiza ecosystem. 
Here litter was primarily composed of sugar maple and basswood leaves 
(Zak et al. 1986). Other investigators have reported an inverse relationship 
between nitrification and the occurrence of oak species in the overstory 
(Vitousek et al. 1982, Pastor et al. 1984). 


TABLE 4. Net N mineralization and nitrification for individual stands within three 
upland forest ecosystems. Values presented are mean annual rates (standard devi- 
ation) determined by in situ soil incubation. Stands are nested within each ecosystem 
and the LSD value listed is used to compare stand means within each ecosystem 
type. Means within an ecosystem type that have same letter are not significantly 
different at a = 0.05. 


Black oak—white Sugar maple-red Sugar maple— 
oak/Vaccinium oak/Maianthemum basswood/Osmorhiza 
Stand 1 2 3 1 2 3 1 2 3 
eas SBN ANNITSWIGI ATT ORWaNs ENT TP T] nuanian 
Net N 
Mineralization 301a 318a 322a 324a 395a 426a 242a 493b 544b 
LSD = 104.1 (73.0) (54.1) (60.4) (82.6) (88.6) (110.4) (31.4) (39.2) (76.2) 
net 2 17 8a lla 452b 528b 
Nitrification 30a 8a 14a 4a a a a 


isp — 703 (69 GD G8 A90 Q6 (56.8) (LO (86.6) (96.8) 
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Nitrification was directly proportional to N mineralization in the sugar 
maple-basswood/Osmorhiza stands and was substantially less in oak- 
dominated stands. Ammonium availability has been suggested as a general 
mechanism regulating nitrification in some terrestrial ecosystems (Robert- 
son and Vitousek 1981, Robertson 1982). Our results suggest that nitrifica- 
tion may be limited by substrate availability within the sugar maple- 
basswood/Osmorhiza ecosystem. Other factors, such as pH and low popu- 
lations of nitrifying bacteria, may play a greater role in the oak and sugar 
maple-red oak/Maianthemum ecosystems where nitrification was minimal 
despite relatively high NH,~ availability (Vitousek and Matson 1985). 

Seasonal variation in nitrification rates was most pronounced in the sugar 
maple-basswood/Osmorhiza ecosystem; rates were greatest during the 
growing season and declined during fall and winter. Nitrification exhibited 
little temporality in the other ecosystem types where oak species were com- 
mon. Nadelhoffer et al. (1983) found little seasonal variation in nitrification; 
however, rates measured in the aforementioned study were much lower than 
those in the sugar maple-basswood/Osmorhiza ecosystem. Pastor et al. 
(1984) studied a series of ecosystems similar to those presented here, and 
found the largest seasonal variation in nitrification occurred in sugar maple 
dominated forests. 

In addition to rapid nitrification rates, extractable NO, was often high 
within the sugar maple-basswood/Osmorhiza ecosystem. Values for most 
hardwood forests typically range from 0.4 to 7.0 pg N g | (Nadelhoffer et al. 
1983, Vitousek et al. 1982), and concentrations with the sugar maple- 
basswood/Osmorhiza ecosystem were clearly above this value. The rela- 
tively high concentrations of extractable NO, in the soil of this ecosystem 
suggests that nitrification is active and NO; is readily available for plant 
uptake. 

It is important to point out that the buried bag technique provides a rel- 
ative estimate of N mineralization and nitrification. Soil water potential and 
carbon availability could be altered due to the physical separation of the 
incubated sample from the intact soil volume. The death of fine roots un- 
doubtedly increases C availability which, in turn, should increase hetero- 
trophic activity. Moreover, some of the wide fluctuations we observed in N 
mineralization (e.g., relatively low rates in June compared to May and July 
1985) may, in part, be related to the buried bag technique. Polyethylene 
forms an impermeable barrier to water movement, and therefore water po- 
tential within the bag remains constant while the natural soil water potential 
undoubtedly varies. Net N mineralization could be overestimated during an 
unusually dry period following incubation, whereas, underestimation could 
result during moist periods. These effects could be minimized by shortening 
the length of incubation which would lessen differences in water potential 
within and outside the buried bag. In addition to differences in soil water 
potential, plant uptake is eliminated within the buried bag, which could 
enhance nitrification rates due to greater NH,* availability. It is likely this 
effect was minimal in the oak and sugar maple-red oak/Maianthemum eco- 
systems. 

The relatively high degree of spatial variability (stand-to-stand) within the 
sugar maple-basswood/Osmorhiza ecosystem was patterned and not ran- 
dom variation. Rates of N mineralization and nitrification in stand 1 were 
consistently low, even under laboratory conditions conducive to these pro- 
cesses (Zak et al. 1986). This distinction is important because it provides a 
relative measure of the accuracy by which N cycling processes can be pre- 
dicted over large land areas. The differences among the sugar maple— 
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basswood/Osmorhiza stands may be related to the pool of organic-C. The 
substrate for mineralization is organic-C, and quantities of organic-C were 
low in stand 1. Although organic-C was different among these stands, or- 
ganic matter quality (C:N ratio) was similar. Therefore, differences seem to 
be related to substrate pool sizes and not to differences in substrate quality. 

Our results suggest regional patterns of N availability can be estimated by 
understanding the spatial and temporal variability associated with individual 
N transformations. Generalizations regarding ecosystem level pattern can be 
made, but spatial variability within ecosystems is important. For example, 
spatial variation within the sugar maple-basswood/Osmorhiza ecosystem 
was relatively high, and sampling one stand within this ecosystem type may 
not provide an accurate indication of ecosystem level N cycling rates. None- 
theless, the relationship between species composition and N cycling can be 
extended spatially, and used to provide a general model describing the spa- 
tial as well as temporal dynamics of N transformations. In our study, forests 
with similar species composition, structure, and soil exhibited similar pat- 
terns of N cycling with one exception. It should be possible to develop 
ecological maps that depict both spatial and temporal variation in N cycling 
with reasonable accuracy and precision. 
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